To assess the role of Toll-like receptor (TLR) signalling in host response to mycobacterial infection, mice deficient in the TLR adaptor molecule myeloid differentiation factor 88 (MyD88) were infected with the vaccine strain Mycobacterium bovis (BCG), and the immune response and bacterial burden were investigated. Macrophages and dendritic cells from MyD88-deficient mice stimulated in vitro with BCG mycobacterial antigens produced very low levels of proinflammatory cytokines, while the expression of costimulatory molecules such as CD40 and CD86 was preserved. Upon systemic infection with BCG (2 Â 10 6 CFU i.v.) MyD88-deficient mice developed confluent chronic pneumonia with two log higher CFU than wild-type mice. Interestingly, the infection was controlled in liver and spleen and there was efficient systemic T-cell priming with high IFNc production by CD4 þ splenic T cells in MyD88-deficient mice. Lung infiltrating cells showed IFNc production by pulmonary CD4 þ T cells upon specific restimulation, and a reduced capacity to produce nitric oxide and IL-10. In summary, despite the dramatic reduction of the innate immune response, MyD88-deficient mice were able to mount an efficient T-cell response to mycobacterial antigens, which was however insufficient to control infection in the lung, resulting in chronic pneumonia in MyD88-deficient mice.
Toll-like receptors (TLR) are implicated in innate immunity by recognizing pathogen-associated molecular patterns (PAMPS) and activating signalling cascades in phagocytes (reviewed in Takeda et al 1 ) . From the 10 known mammalian TLR, TLR2 has been shown to heterodimerise with TLR1 or TLR6 and to recognise Gram-positive bacterial components, including peptidoglycan and lipoproteins, whereas TLR4 as a homodimer responds to Gram-negative bacterial LPS. Both TLR2 and TLR4 have been implicated in the recognition of mycobacteria such as attenuated Mycobacterium bovis BCG (BCG) or Mycobacterium tuberculosis;
2,3 reviewed in Heldwein and Fenton, 4 leading to dendritic cell (DC) maturation, 5 reduced MHC class II expression and antigen processing 6 and direct intracellular killing by macrophages. 7 The TLR2 and TLR4 pathways seem prominent in mycobacterial phagocyte activation as inactivation of both TLR2 and TLR4 abrogated most activation of murine macrophages infected with live M. bovis BCG 8 or of human DC by BCG cell wall skeleton. 5 In vivo, absence of TLR2, and to a lesser extent, of TLR4, was associated with a defect of the long-term control of virulent M. tuberculosis infection. [9] [10] [11] [12] TLRs trigger a signalling pathway via Toll/IL-1 receptor (TIR) domain-containing adapters such as myeloid differentiation factor 88 (MyD88) and TIRAP. This family is growing as new TIR-containing adapters such as TRIF, more specifically involved in TLR3 and TLR4 IFNb and IFN-inducible genes pathways, 13, 14 TRAM and SARM have been recently unravelled. 15 MyD88 has been identified as a central adapter protein for signal transduction of TLRs and the IL-1R family. 16 Specific TLR ligands induce recruitment of MyD88 to the cytoplasmic domain of TLR, resulting in NF-kB translocation that causes transcription of IL-12, TNF and other inflammatory cytokines. 1 Macrophages from MyD88 knockout mice do not produce TNF in response to a large number of bacterial cell wall components, emphasising the central role of MyD88 for integrating signals from multiple TLR. 17 However, exposure of MyD88-deficient dendritic cells (DCs) or macrophages with LPS results in expression of costimulatory molecules and delayed activation of NF-kB and mitogen-activated protein kinases, suggesting the existence of MyD88-independent signalling pathways, 18, 19 which may involve TRIF and/or other TIR-containing adapters. 13 In vivo, MyD88-deficient mice showed an impaired response to microbial ligands such as endotoxin, 20 to IL-1 and IL-18, 21 and MyD88 has been shown to be central in the systemic immune pathology of polymicrobial sepsis. 22 MyD88 seems also involved in the in vivo resistance to pathogens such as Staphylococcus aureus, 23 Toxoplasma gondii, 24 Listeria monocytogenes 25 and M. avium infection. 26 In the present study, we investigated the involvement of MyD88 signalling responses to the attenuated M. bovis BCG vaccine strain to follow the onset of innate and adaptive immune responses rather than to the virulent M. tuberculosis infection, which is lethal within 4 weeks (unpublished data). Macrophages and DCs from MyD88-deficient mice were activated after M. bovis BCG infection in vitro in terms of costimulatory molecules expression, although the production of inflammatory cytokines was strongly reduced. In vivo, MyD88-deficient mice did control systemic M. bovis BCG infection, and were able to mount a T-cell response with high IFNg production to mycobacterial antigens upon ex vivo restimulation. However, in the lung, absence of MyD88 resulted in chronic pneumonia and increased mycobacterial burden.
Materials and methods

Mice and Infection
MyD88-deficient mice, 6-12 weeks old (obtained from S Akira; Kawai et al 20 ) and their wild-type control littermates were backcrossed and bred under specific-pathogen-free conditions in the Transgenose Institute animal breeding facility (Orleans, France). Alternatively, C57Bl/6 mice were also used as wild-type controls in some in vitro experiments with similar results. Mice were injected intravenously with a dose of 2 Â 10 6 CFU M. bovis BCG (Pasteur strain #1173P2, Pasteur Institute, Paris). All animal experiments complied with the French Government's ethical and animal experiment regulations. Groups of mice were infected and three to four mice were killed per time point. The infected mice were monitored regularly for clinical status and weighed weekly.
Quantification of Viable Mycobacteria in Organs
At specific time points, mice were killed and their lung, liver and spleen aseptically removed and weighed. One-half of each organ was homogenised in 0.9% NaCl solution containing 0.04% Tween-20 (Sigma). Serial dilutions of the homogenates were plated in duplicate onto 7H11 Middlebrook agar supplemented with 10% OADC (Difco Laboratories, Detroit, MI, USA) and 0.5% glycerol. Plates were incubated at 371C and CFU enumerated after 21 days. Data are presented as log 10 of the number of CFU per organ. The number of CFU per mg of organ, calculated to take into account variations in organ weight, gave essentially the same outcome and are not presented.
Histopathology
Samples of lung, liver and spleen were fixed in 10% buffered formalin (Shandon, Pittsburgh, PA, USA) before paraffin embedding. Sections (3 mm) were stained with haematoxylin and eosin, or ZiehlNeelsen acid-fast stain for evaluation of pathologic changes and bacillary load, respectively. Granulomas were quantified by counting 10 microscopic fields at Â 200 magnification. Typical clusters of more than 10 mononuclear cells were counted as a granuloma.
Immunohistochemistry
Samples of lung, liver and spleen were embedded in Tissue-Tek (Sakura, Zoeterwoude, The Netherlands) in cryomoulds, immediately frozen on dry ice, and stored at À801C. The frozen tissues were cut at 6 mm thickness on a cryostat (Leica, Nussloch, Germany), air-dried and stored at À801C. Fixation in acetone (10 min at 41C) or paraformaldehyde 4% was performed just before immunolabelling. After a rinse in PBS, the sections were saturated with normal rabbit serum before incubation for 16 h at 41C with the primary antibody. Rabbit antiserum to inducible nitric oxide synthase (iNOS) was from Professor J Pfeilschifter, University of Frankfurt, Germany. The sections were then washed in PBS and incubated for 30 min at room temperature with the appropriate biotinylated secondary antibody. Avidin-biotin complexes was added to the sections for 30 min (ABC vector kit, Vector, Burlingame, CA, USA), washed and revealed with DAB substrate (Dako, Glostrup, Denmark). After rinsing in PBS, the sections were mounted in Eukitt (Kindler & Co., Freiburg, Germany).
Primary Macrophage and DCs Cultures
Murine bone marrow cells were isolated from femurs and differentiated into macrophages after culturing at 10 6 cells/ml for 7 days in Dulbecco's minimal essential medium (DMEM, Sigma) supplemented with 20% horse serum and 30% L929 cellconditioned medium as a source of M-CSF (as described in Muller et al 27 ) . Three days after washing and reculturing in fresh medium, the cell preparation contained a homogenous population of macrophages. Alternatively, murine bone marrow cells were differentiated into myeloid DCs after culturing at 2 Â 10 5 cells/ml for 10 days in RPMI supplemented with 10% foetal calf serum and 4% J558L cell-conditioned medium as a source of GM-CSF with transfer in fresh medium on days 3, 6 and 8. 28 
Stimulation of Macrophages and DCs
The bone marrow-derived macrophages and DCs were plated in 96-well microculture plates (at 10 5 cells/well) and stimulated with LPS (Escherichia coli, serotype O111:B4, Sigma, St Louis, MO, USA, at 100 ng/ml), or infected M. bovis BCG (Pasteur strain #1173P2, Pasteur Institute, Paris; at a multiplicity of infection (m.o.i.) of 2 bacteria/cell). The BCG preparations used for stimulation were a lyophilised preparation of BCG culture supernatant (10 mg/ml), heat-killed M. bovis BCG (10 mg/ml), or extended freeze-dried BCG 29 (10 mg/ ml), all kind gifts of Professor G Marchal (Pasteur Institute, Paris, France), BCG lipomannan (LM), lipoarabinomannan (LAM) and PIMs were kind gifts from Drs J Nigou, G Puzo and M Gilleron (IPBS, CNRS, Toulouse, France) and were used at 10 mg/ml. Cell supernatants were harvested after 18-24 h of stimulation in the presence of IFNg (100 U/ml) for TNF, IL-12 p40, IL-10, IL-6 and nitrite measurements, and analysed immediately or stored at À201C.
Cytokine ELISA
Commercially available ELISA reagents for TNF, IL-12p40, IL-10, IL-6 and IFNg were used as recommended (Duoset R&D Systems, Abingdon, UK).
Nitrite Measurements
Nitrite concentrations in cell supernatants were determined using the Griess reagent in presence of 1% p-aminobenzene-sulphonamide and 0.1% n-1-napthylethylene-diamide in 2.5% phosphoric acid as described. 30 The absorbance at 540 nm was measured after 30 min of incubation.
Flow Cytometry Analysis
Stimulated macrophages and DCs cultured on nontissue culture-treated Petri dishes were harvested with cold PBS and gentle pipetting. Cells were stained for cell surface markers using fluorescent labelled Abs to CD11b-PercP-Cy5.5 (clone H1/70), CD11c-APC (clone HL3), CD40-PE (clone 3/23), CD86-FITC (clone GL1), IA/IE (clone 2G9) (BD PharMingen San Diego, CA, USA). All staining procedures were performed on 0.2 mg/10 6 cells in 50 ml PBS containing 0.5% BSA for 20 min at 41C. Flow cytometry was performed on an LSR analyser using CellQuest software (BD Immunocytometry Systems, San Jose, CA, USA).
Alternatively, FACS analysis was performed on inflammatory cells from bronchoalveolar lavage or infected lungs described. 31, 32 In brief, mice were deeply anaesthetised with xylazine-ketamine, bronchoalveolar lavage with NaCl 0.9% was performed and the mice were perfused with 0.02% EDTA-PBS until the tissue turned white. After removal, lung tissue was sliced into 1-2 mm 3 pieces and was incubated in RPMI 1640 (Gibco, Paisley, Scotland, UK) containing 5% foetal calf serum, antibiotics (Penicillin 100 U/ml-streptomycin 100 mg/ml), 10 mM HEPES (Gibco) and collagenase (150 U/ml), DNase (50 U/ml; Sigma, St Louis, MO, USA). After 1.5 h of incubation at 371C, single-cell suspension was obtained by vigorous pipetting. Cells were washed three times in PBS containing 0.01% NaN 3 and 0.5% BSA, and stained as above using fluorescent labelled Abs to CD4-PerCP (clone RM4-5), CD8-APC (clone 53-6.7), CD44-PE (clone IM7), CD25-FITC (clone 7D4), CD11b-PE (clone M1/70), CD11c-APC (clone HL3) and Ly-6G-PE (clone RB6-8C5) (all from BD Pharmingen).
Confocal Microscopy
Macrophage monolayers were established by plating 10 5 cells in 0.2 ml. DMEM supplemented with 10% FCS onto sterile glass coverslips. After overnight attachment at 371C in humidified air containing 5% CO 2 , coverslips were transferred into 24-well microtitre plates containing DMEM for 4 h. BCG internalisation was studied using fluorescent M. bovis BCG expressing GFP (kind gift from V Snewin, London, UK). BCG-GFP stored at À801C was rapidly thawed, passed 30-fold through a 25G needle, then 10-fold through a 30G needle, sonicated six times for 15 s, and immediately added to the cultures at a m.o.i. of 1. After 2 h at 371C under a humidified atmosphere containing 5% CO 2 , the medium was removed, the cultures washed once with warm phosphate-buffered saline (PBS, pH 7.2) and fixed with paraformaldehyde 4% in PBS. After overnight fixation, macrophages on coverslips were washed once in PBS for 10 min. Cells were then permeabilised for 3 min with 0.1% Triton X-100 in PBS, washed twice 5 min with PBS, quenched with 50 mM NH 4 Cl in PBS for 30 min, preincubated for 30 min with 1% BSA in PBS. To stain F-actin, macrophages were incubated for 20 min with b-phalloidin conjugated to rhodamine at 5 U/ml (Molecular Probes, Eugene, OR, USA) followed by two 5-min wash in PBS. Coverslips were mounted using DAKO mounting medium. BCG-GFP internalisation was assessed using a fluorescence Leica DM IRBE microscope (Leica, Reuil Malmaison, France; Â 40 oil immersion objective) by counting the macrophages containing one or two isolated intracellular bacteria and the non infected macrophages over 10 different observation fields per slide (three slides per experiment and four experiments in total). The slides were counted blindly. The percentage of infected macrophages was determined as infection index.
NFkB translocation was studied 2, 4 and 18 h after infection of macrophage monolayers with BCG (at a m.o.i. of 2) by staining with goat antibodies to NFkB (Santa Cruz, CA, USA), and revealed with biotinylated secondary antibodies and streptavidin-Alexa (both from Molecular Probes, OR, USA). Overlays of 10 images spanning 1.6 mm were used to assess NFkB cytosolic and nuclear staining.
Splenocyte Restimulation
Spleens were aseptically removed from uninfected or infected control and MyD88-deficient mice and splenocyte suspensions were prepared by gentle teasing and repeated pipeting in DMEM supplemented with 10% foetal calf serum. After washing, splenocytes were seeded in 96-well microtitre plates (at 5 Â 10 5 cells/well) in the same medium, in the presence of soluble BCG antigens (Sup BCG, 30 mg/ ml), live BCG (at a m.o.i. of 2) or heat-killed Listeria monocytogenes (HKLM) (100 bacteria/cell). Alternatively, lung infiltrating cells (at 5 Â 10 5 cells/well) or CD4 þ cells purified from spleen and lung (at 10 5 cells/well), isolated by positive selection magnetic cell sorting with MACS CD4 Microbeads (clone GK1.5, Milteny Biotec, Auburn, CA, USA), were stimulated as above. IFNg production in the supernatants after 48 h of incubation was quantified by ELISA.
Cells restimulated as above were also analysed for intracellular IFNg staining of CD4 þ or CD8 þ T cells. After 12 h of restimulation, addition of GolgiStop to block protein transport and incubation for further 6 h, cells were labelled with anti CD4-PerCP (clone RM4-5) or CD8-APC (clone 53-6.7) antibodies, fixed and permeabilised, and intracellular IFNg was stained with antibodies to IFNg-FITC (clone XMG1.2; according to BD Cytofix/ Cytoperm kit manual; all reagents from BD Biosciences).
Statistical Analysis
The significance (P) was assessed using Student's t-tests, unless otherwise stated (level of significance of Po0.05).
Results
Impaired TNF, IL-12p40, IL-6 and Nitric Oxide Production in BCG-Activated MyD88-Deficient Macrophages
Mycobacteria and mycobacterial antigens were reported to activate macrophages and DCs through TLR2 and TLR4. 2, 5 We first verified how macrophages deficient for MyD88 responded to live BCG or BCG antigens. Wild-type macrophages produced abundant TNF, IL-12p40, IL-6 and nitric oxide after infection with live BCG, or stimulation by heatkilled BCG (HKBCG), BCG killed by lyophilisation (BCG Lyoph), or soluble antigens released in BCG culture supernatant (Sup BCG; Figure 1a -d). The levels of cytokines and nitrite produced in response to BCG fractions were comparable to those obtained after LPS stimulation. No IL-10 was detected (data not shown). In contrast, MyD88-deficient macrophages were unable to respond to stimulation by killed BCG (HKBCG or BCG Lyoph) or by BCG soluble antigens, with no detectable TNF, IL-12p40, IL-6, IL-10 and low nitric oxide levels. However, a minimal stimulation was observed after infection of MyD88-deficient macrophages with live BCG, yielding very low (1 ng/ml) TNF, IL-12p40, IL-6 and nitric oxide release (Figure 1a-d) . Similar results were obtained after 24 and 48 h stimulation, thus excluding that the low cytokine levels were merely due to a delayed response. NFkB translocation, observed by confocal microscopy 2 and 4 h after BCG infection in control macrophages was undetectable in MyD88-deficient macrophages at 2-18 h postinfection (data not shown). Therefore, the response to BCG antigens was greatly reduced in MyD88-deficient macrophages, with live BCG inducing a minimal cytokine and nitric oxide release by an MyD88-independent pathway, whereas there was no response to particulate or soluble BCG antigens.
Absence of MyD88-Deficient Macrophage Activation in Response to Purified BCG Antigens
Mycobacterial lipids traffic within infected macrophages and are released to the extracellular space to be taken up by uninfected bystander cells. 33 Several soluble, purified mycobacterial antigens have been shown to signal through TLR2, including PIM2, PIM6 and LM. 2, 34, 35 Here, we show that LM from BCG, but not LAM, stimulates high levels of TNF, IL-12 and nitric oxide in wild-type macrophages, and this response was absent in MyD88-deficient macrophages (Figure 2a-c) . Wild-type macrophages stimulated with PIM2 and PIM6 release TNF and nitric oxide and low levels of IL-12p40, but these responses were abrogated in MyD88-deficient macrophages (Figure 2d-f) . Based on these results, we conclude that although infection with live BCG triggered both MyD88-dependent and -independent pathways, no proinflammatory signals were obtained from isolated mycobacterial antigens on MyD88-deficient macrophages.
Impaired Response of MyD88-Deficient DCs to BCG
Next, we tested how DCs responded to BCG infection and to stimulation with mycobacterial antigens in the absence of functional MyD88 pathway. DC derived from MyD88-deficient bone marrow showed a strongly reduced response to live BCG infection or to BCG fractions. Essentially, no TNF, IL-12p40 or IL-6 could be detected in response to stimulation of MyD88-deficient DC with HKBCG or with soluble fraction of BCG culture supernatant (Figure 3a-c) , while MyD88-deficient DC infected with live BCG, or stimulated with a preparation extended dry-frozen lyophilised BCG (EDF1) produced low levels of TNF, IL-12p40 and IL-6 ( Figure  3a-c) . IL-12 p70 was detected in wild-type DC stimulated with LPS, live BCG or Lyoph BCG but was undetectable in MyD88-deficient DC supernatants (data not shown). Low levels of nitric oxide were detected after incubation of MyD88-deficient DC with BCG, HKBCG and BCG Lyoph, but not with the soluble fraction of BCG culture supernatant (Figure 3d ). Similar results were obtained after 48 h of stimulation (data not shown). Purified BCG antigens such as PIM2 or PIM6 induced low levels of TNF and IL-12 p40 secretion in wild-type DC, but not in MyD88-deficient DC (data not shown).
Therefore, live BCG induced low levels of TNF, IL-12p40, IL-6 and nitric oxide in DC in the absence of functional MyD88 pathway.
MyD88-Independent CD40 and CD86 Upregulation by BCG in Macrophages and DCs
We then asked whether the expression of costimulatory molecules by macrophages is inducible in the absence of MyD88. As shown in Figure 4 , LPS and BCG induce similar CD40 and CD86 expression on MyD88-deficient and wild-type macrophages. Similar results were obtained with DCs ( Figure 5) . Therefore, the upregulation of the costimulatory molecules in response to BCG or LPS is MyD88-independent in both antigen-presenting cell populations.
The level of MHC class II expression followed a different regulation as it slightly decreased in LPS or BCG stimulated wild-type macrophages and DCs whereas it increased in MyD88-deficient cells (Figures 4 and 5) . 
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Reduced Internalisation of BCG in Macrophages of MyD88-Deficient Mice
To investigate whether MyD88 signalling might be involved in internalisation of mycobacteria, we infected macrophages from wild-type and MyD88-deficient mice with fluorescent, GFP-transfected BCG and analysed internalisation by confocal microscopy. Here, we show that internalisation is clearly reduced in MyD88-deficient macrophages (Table 1) . We further compared internalisation of mycobacteria in MyD88-deficient vs TLR4-and TLR2-deficient macrophages. Absence of both TLR4 and TLR2 deficiency was associated with a significant reduction of internalisation, which was, however, less pronounced than in MyD88-deficient macrophages (data not shown). Therefore, TLRs are not only sensing pathogens, but TLRs and MyD88 seem to convey a signal for the intracellular uptake of mycobacteria.
Based on these in vitro data, we could hypothesise that the inflammatory response to BCG-secreted antigens signalling through TLR2 would be reduced in MyD88-deficient mice, although macrophages and DCs could show some activation upon contact with live BCG. To understand the net effect of the MyD88 signal deficiency on the control of BCG infection in vivo, we next infected MyD88-deficient mice with BCG.
MyD88-Deficient Mice Survive BCG Infection
MyD88-deficient and wild-type mice infected with live BCG (2 Â 10 6 CFU per mouse i.v.) showed neither clinical signs nor body weight loss during the 8-month period of the experiment. The organ weights were recorded as an indicator of inflammation. At day 28 post infection, there was an increase in relative weights of liver (Figure 6a , Po0.01) and spleen (P40.05, data not shown), which were less pronounced in MyD88-deficient than in wild-type mice. This may be indicative of reduced proinflammatory cytokines production in MyD88-deficient mice, although no difference in the systemic cytokine serum levels of MyD88-deficient and wild-type mice was observed: IL-12p40 serum levels were increased on day 28 and reduced thereafter, Role of MyD88 in M. bovis BCG infection DM Nicolle et al both in MyD88-deficient and control mice, and low TNF and IL-6 levels were measured on day 28 in both groups of mice (data not shown). The increase in liver and spleen weights resolved in both groups by day 56, indicative of a transient systemic inflammation (Figure 6a ). The clearance of bacilli from liver ( Figure 6b ) and spleen (data not shown) during the 6 months postinfection period were similar in MyD88-deficient and control mice. Histological studies show that the composition and size of liver granuloma are comparable in MyD88-deficient and control mice (Figure 6d and e) . The number of hepatic granuloma decreased during infection-time in both groups (Figure 6c) , which was coincidental with the decrease of CFU by 2 log 10 between days 28 and 112 (Figure 6b) . Therefore, the data suggest that the control of systemic BCG infection is independent of MyD88 signalling.
Uncontrolled, Chronic BCG Infection in the Lung of MyD88-Deficient Mice
The lung is the main target organ for mycobacterial infection, even after an intravenous infection. Macroscopically, nodules appear on the surface of MyD88-deficient lung at 4 months postinfection and become prominent at 8 months postinfection, whereas no nodules could be seen on the wild-type lung (Figure 7a) . Furthermore, MyD88-deficient mice showed a trend towards higher relative lung weights, indicative of enhanced local inflammation (Figure 7b ). Significantly higher CFU counts were seen in the lung of MyD88-deficient mice already 28 days postinfection, which increased further at 4 months and reached a plateau at 8 months postinfection (Figure 7c ), whereas wild-type mice controlled the BCG bacilli in the lung at 2-4 months postinfection (Figure 7c) . The difference of pulmonary bacillary burden in MyD88-deficient vs wildtype mice reached almost 2 log 10 , 4-8 months postinfection.
Microscopic examination of the lungs revealed a more pronounced and diffuse infiltration with mononuclear cells of the alveolar septae, starting on day 112 and most prominent on day 224 ( Figure  8a -h), with no distinct granuloma formation in MyD88-deficient lung sections. Furthermore, bacilli were abundant within macrophages and some were visible extracellularly in the alveolar space of MyD88-deficient lung, although they were scarce in controls (Figure 8i and j) . Expression of iNOS was evident in MyD88-deficient lung, in line with the increased macrophage infiltration relative to controls at day 224 (Figure 8k and l) . It is established that the high oxygenisation of the alveolar space represents a growth advantage for mycobacteria explaining the preferential growth of the mycobacteria in the lung. In the presence of a normal innate immune response alveolar macrophages are able to control mycobacterial growth, while MyD88-deficient macrophages with a reduced capacity to internalise mycobacteria and defective proinflammatory response are unable to control mycobacterial growth resulting a progressive, chronic pulmonary infection.
T-Cell Response to BCG in the Absence of MyD88
Although the proinflammatory response of MyD88-deficient APC is severely reduced, MyD88 signalling is dispensable for the upregulation of costimulatory molecules upon mycobacteria activation of APC (Figures 4 and 5) . Therefore, we asked whether Tcell activation in vivo might be compromised in the absence of MyD88. Isolated spleen cells from BCG infected mice at 4 weeks were restimulated with soluble BCG antigens ex vivo. We found an almost normal IFNg production by MyD88-deficient spleen cells in response to BCG antigens, whereas there was very weak response to an irrelevant antigen, HKLM (Figure 9a) .
To further analyse the CD4 þ T-cell response in MyD88-deficient mice, CD4 þ spleen cells from day 28 infected mice were isolated and restimulated ex vivo (Figure 9b) . IFNg production by CD4 þ Tcells from MyD88-deficient and control mice was similar upon restimulation with soluble BCG antigens, and was specific as no response was triggered by HKLM.
Therefore, the data indicate for the first time that MyD88 signalling is not required to mount an initial antigen-specific T-cell response to mycobacteria.
Pulmonary Immune Responses to BCG in MyD88-Deficient Mice
In view of the slow progression of chronic pulmonary mycobacterial infection, we asked whether the expression of IFNg as a hallmark of protective T-cell immunity is reduced during disease progression in MyD88-deficient mice. At day 155 postinfection, where pulmonary pathology was clearly more prominent in MyD88-deficient mice, we found a slight, but not significant reduction of IFNg production by MyD88-deficient lung infiltrating cells upon restimulation with soluble BCG antigens ( Figure  10a ). IL-10 production was significantly reduced in these cells stimulated with BCG antigens or HKLM (data not shown). The number of cells recovered from the lung homogenate was reduced by 53% in 
Role of MyD88 in M. bovis BCG infection DM Nicolle et al
MyD88-deficient mice at 155 days, which may in part be due to the cellular organisation in nodules. We next characterised the immunoinflammatory cells recruited in the lung parenchyma and BAL fluid by flow cytometry. There was no significant difference in the proportion of macrophages, DCs, and neutrophils, CD4 þ and CD8 þ T cells in the lung of BCG-infected MyD88-deficient vs. control mice at 155 days (Figure 10b) . Further, the activation of the pulmonary CD4 þ and CD8 þ T cells as assessed by the expression of CD25 and CD44 was not different in the two groups of mice, indicating that memory CD4 and CD8 T cells were present and a large proportion of the T cells were activated (Figure 10c ). However, in the BAL, the differences were pronounced with significant reduction of the proportion of macrophages, DCs and CD8 þ T cells in BCG-infected MyD88-deficient mice (Figure 10d ). Extravasation to the alveolar space might be hampered due to the extensive inflammation and the organisation in nodules in the lungs of MyD88-deficient mice. The expression of the activation markers CD44 and CD25 on CD8 þ T cells, but not CD4 þ T cells, was significantly reduced in the BAL of MyD88-deficient mice (Figure 10e ), suggesting that memory and/or activated T cells might be retained at the pulmonary site of infection. Earlier pulmonary immune response was then examined at 4 weeks postinfection, when lung pathology is similar and bacterial load in the same order of magnitude in control versus deficient mice (1.2 vs 2.2 Â 10 4 CFU, respectively). At day 28 postinfection, IFNg production by unseparated lung infiltrating cells upon restimulation with soluble BCG antigens was evident both MyD88-deficient and wild-type mice (with reduced levels in only one out of four MyD88-deficient mice; Figure 11a ). The proportion of the different cell types, T cells, macrophages and granulocytes, was similar in both types of mice (Figure 11b) , as was the expression of T-cell activation markers CD25 and CD44 ( Figure  11c) . Opposite to what was observed at day 155, the number of activated (CD25 þ ) T cells was low at day 28. CD4 þ CD44 þ and CD8 þ CD44 þ memory T cells were already abundant 28 days postinfection. Unseparated lung infiltrating cells from MyD88-deficient mice restimulated with BCG antigens or HKLM showed a clear defect in the production of nitric oxide or IL-10 as compared with wild-type cells (data not shown).
Pulmonary CD4 þ T cells response was further examined. At 4 weeks postinfection IFNg production by purified CD4 þ lung infiltrating cells upon restimulation with soluble BCG antigens was present, although partially reduced in MyD88-deficient mice (Figure 11d ). At this time point, there were few cells extravasing into the bronchoalveolar space (3-7 Â 10 4 cells), as in naïve mice (5-10 Â 10 4 cells). The data indicate that during the early and chronic phases of infection there is recruitment and activation of antigen-presenting cells and T cells in the lung of MyD88-deficient mice, but that there is an impairment of NO and IL-10 production, and a slight reduction in IFNg levels.
Discussion
We show here that the adaptor protein MyD88 involved in TLR/IL-1R signalling is required to control pulmonary infection by M. bovis BCG, resulting in chronic pneumonia, but is not necessary to clear the bacilli from the other organ sites. Reduced resistance to BCG infection was expected as the in vitro responses of MyD88-deficient macrophages and DCs to BCG antigens were strongly reduced and the internalisation of GFP-BCG impaired.
Particulate or soluble fractions of BCG could not activate MyD88-deficient macrophages, in agreement with their strong TLR2 agonist activity (DN, VQ, unpublished data), likely to be MyD88-dependent. MyD88-deficient macrophages showed a clear defect in NFkB translocation in response to live BCG infection, although they produce minute levels of cytokines and nitric oxide. MyD88-independent pathways which may be involved in BCG binding and recognition include the complement receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18), scavenger receptor, mannose receptor, DC-specific intracellular adhesion molecule-3 grabbing nonintegrin (reviewed in Heldwein and Fentorn 4 and Kaufmann and Schaible).
36 TLR4 may also signal through MyD88-independent pathways, as demonstrated for LPS stimulation. 19 How the different receptors contribute to the proinflammatory response to BCG is still unclear and we show here that MyD88-deficient macrophages had an impaired internalisation of fluorescent GFP-expressing BCG (Table 1) .
Mycobacteria contained in endosomes of macrophages have been shown to release soluble antigens, such as PIM, LM or LAM into the cytosol of the host cells, and these molecules may be taken up by neighbouring, noninfected cells. 33 PIM and LM, plus other soluble antigens, are likely to further trigger TLR2-dependent proinflammatory responses. 34, 35 This proinflammatory stimulation by mycobacterial cell wall components is unlikely to occur in MyD88-deficient cells. Conversely, LAM and LM have been shown to have anti-inflammatory properties, inhibiting endotoxin-stimulated production of IL-12 and TNF in DCs and macrophages, 37 by a pathway independent of TLR2, TLR4, TLR6 and MyD88. 35 Thus, in MyD88-deficient mice, the anti-inflammatory effects of LM and LAM may be present, but not the proinflammatory effects of LM, PIMs and other mycobacterial antigens.
MyD88-deficient DCs responded to infection with live BCG, or to stimulation by an extended freezedried BCG preparation, by secreting TNF and IL12p40 at levels at least similar to those observed with LPS. Thus, DC may be activated during BCG infection, even in the absence of MyD88. The maturation of MyD88-deficient DC was confirmed in terms of CD40 and CD86 costimulatory molecule expression after incubation with BCG. Maturation of DCs by heat-killed M. tuberculosis was reported to be MyD88-dependent, 38 but we show here that the response to heat-killed and live mycobacteria are likely to be different. Here, both macrophages and DCs infected with BCG, or stimulated with LPS, were able to express costimulatory molecules in the absence of functional MyD88 pathway, in line with the reported MyD88-independent maturation of endotoxin-stimulated DC. 18 Reduced MHC class II expression after stimulation with mycobacterial 19 kDa protein and reduced Ag processing after M. tb infection was shown by Noss et al, 39 but these reductions were not seen in TLR2-deficient cells. Along these lines, we show here that in the absence of MyD88 signalling, MHC class II expression is rather slightly increased. Together with the efficient expression of costimulatory molecules, it is therefore expected that MyD88-null macrophages and DCs can efficiently trigger T cells. Indeed, T-cell priming to BCG antigens in vivo seemed to occur since a strong IFNg response was observed upon ex vivo CD4 þ T cells restimulation with mycobacterial antigens. These data are in line with the efficient functional maturation of endotoxin-treated MyD88-deficient DC reported by Kaisho et al, 18 but contrast with the defective MyD88-deficient DC maturation observed in response to heat-killed M. tuberculosis. 38 Feng et al 26 showed an impairement of early IFNg T-cell responses (up to 3 weeks postinfection). We show here that MyD88-deficient mice are able to mount IFNg T-cell responses at later time points after BCG infection.
The low virulence model established with attenuated M. bovis BCG allows us to separate two functions of the innate cells upon mycobacteria contact, that is, the secretion of proinflammatory cytokines and mediators like nitric oxide by phagocytes, on the one hand, and the expression of costimulation and MHC class II molecules by the antigen-presenting cells, which led to the recruitment and activation of an effective adaptive response, on the other hand. In a more virulent model, such as aerogenic infection by M. tuberculosis, absence of MyD88 leads to a rapid morbidity and mortality (data not shown). In the attenuated BCG infection model, however, the initially reduced proinflammatory cytokines response and nitrite production, by MyD88-deficient phagocytes were not fatal. MyD88-deficient mice were able to control the infection and to survive the extended observation period of 8 months with no obvious clinical signs. Thus, the early, proinflammatory component of the innate response is not essential for early bacterial control following BCG infection. The adaptive response triggered by activated antigenpresenting cells seems thereafter sufficient to control systemic BCG infection. Indeed, efficient CD4 þ T-cell priming was found in MyD88-deficient mice upon ex vivo restimulation with mycobacterial antigens. Alternatively, it cannot be excluded that the reduced MyD88 independent, proinflammatory component present in MyD88-deficient mice was sufficient to sustain early bacterial control. The relative resistance of MyD88-deficient mice contrasts with the rapid death observed in the absence of TNF after systemic BCG infection, usually within 2-3 months. 40, 41 However, low levels of local TNF suffice to prevent mortality in TNF-deficient mice infected with TNF-expressing recombinant BCG. 43 ) . We show that MyD88-deficient macrophages have a reduced capacity to phagocytose mycobacteria (Table 1) . A TLR-MyD88-dependent induction of a phagocytic gene programme has been shown for E Coli 44 with MyD88-, TLR2-and TLR9-dependent phagocytosis of bacteria. Therefore, the defect of innate immunity is complex with MyD88-deficient macrophages having a reduced capacity to ingest mycobacteria, reduced proinflammatory cytokines response and reduced IFNg responsiveness. 45 IFNg production by CD4 þ T cells was not significantly reduced during disease progression in MyD88-deficient mice, although a trend towards lower IFNg production was noted in the lungs. A strong defect in NO production by lung infiltrating cells upon ex vivo restimulation was noted in MyD88-deficient mice, which may contribute to the defective mycobacterial control. IL-10 production by these cells was impaired, and this may play a role in exacerbating the lung inflammatory process in BCG-infected MyD88-deficient mice. Therefore, despite the T-cell IFNg response, the defect of innate immunity could not be overcome. In the chronic phase of the infection, there was relatively less activated T cells in the alveolar space in MyD88-deficient mice, concomitant with reduced extravasation of antigen-presenting cells. This may be linked to the presence of large inflammatory nodules in the lungs of these mice. MyD88 signalling might be important for the production of critical chemokines allowing the cell migration into the alveolar space. Therefore, MyD88 appears to be critical to activate antigen-presenting cells which may contribute to the progression of the lung pathology.
It cannot be excluded at this point that MyD88 pathway is specifically important in lung endothelial/epithelial cells. It has been recognised recently that TLR4 on lung endothelial cells play a pivotal role in the massive neutrophil accumulation follow- ing i.p. endotoxin administration. 46 Mycobacterial infection in bone marrow chimaera should be instrumental to differentiate the specific consequence of MyD88 deficiency in haematopoietic cells vs epithelial/endothelial cells of the lung environment.
In summary, MyD88 is dispensable to mount an adaptive immune response able to control systemic BCG infection, but is critical to control mycobacterial replication in the lung resulting in chronic, progressive pulmonary BCG infection.
